Abstract-We propose a simple 60-GHz RoF system using one single-electrode Mach-Zehnder modulator (MZM). By choosing proper carrier frequencies of two MZM driving signals, fiber transmission distance can be extended up to 12 km. Compared with conventional intensity modulation with direct detection using 60-GHz MZM or electro-absorption modulator (EAM), the proposed RoF system can support longer fiber transmission distance (up to 12 km) and has less bandwidth requirement of optical orthogonal frequency-division multiplexing (OFDM) transmitter (34 GHz vs. 64 GHz). However, the generated 60-GHz OFDM signal will have beat noise after square-law photo-detection. In this paper, the beat noise is analytically analyzed. Hence, the beat noise mitigation algorithm with the beat noise re-construction technique is proposed and utilized to reduce beat-noise-induced interference and improve signalto-noise ratio (SNR). 60-GHz 13.75-Gbps quadrature phase shift keying ( Index Terms-Radio-over-fiber (RoF), 60 Ghz, orthogonal frequency division multiplexing (OFDM).
I. INTRODUCTION
W ITH the continuously growing demand for wireless video-based interactive and multimedia data services, 60-GHz millimeter-wave wireless systems have been viewed as a promising candidate for multi-gigabit-per-second wireless access due to 7-GHz license-free band (i.e. 57-64 GHz). However, 60-GHz wireless signal suffer from high path loss. Hence, the cell size of 60-GHz pico-cells is generally limited to 10 m, which is ideal for in-building applications. Consequently, wireless access networks at 60-GHz require numerous base stations (BSs) to connect the access points. Therefore, the radio-over-fiber (RoF) system approach, which distributes RF signals from a central station (CS) to multiple BS over an optical fiber, is a promising means of reducing the overall cost of 60-GHz wireless access networks owing to its nearly unlimited bandwidth and extremely low propagation loss [1] - [6] . For certain applications such as in-building, it is imperative that the employed RoF links are as simple as possible to reduce cost, while providing the needed performance. Recently, we proposed simple 60-GHz RoF systems with one single-electrode Mach-Zehnder modulator (MZM), and their analysis have been presented in [7] . Compared with conventional optical double sideband RoF systems using 60-GHz MZM or electro absorption modulator [8] , the proposed RoF system can support longer fiber transmission distance (4 km vs. 500 m) and has less bandwidth requirement of optical orthogonal frequency-division multiplexing (OFDM) transmitter (35.5 GHz vs. 64 GHz). In this paper, we further improve the fiber transmission distance from 4 km to 12 km by choosing proper carrier frequencies of two MZM driving signals. However, the generated 60 GHz OFDM signal will have beat noise after square-law photo-detection. Moreover, the beat noise is analytically analyzed, and the beat noise re-construction technique is derived. Hence, the beat noise mitigation algorithm with the beat noise re-construction technique is utilized to reduce beat-noise-induced interference and improve signal-to-noise ratio (SNR). 60-GHz 13. 75-Gbps quadrature phase shift keying (QPSK) and 20.625-Gbps 8-quadrature-amplitude-modulation (QAM) OFDM signals with 3-m wireless transmission are experimentally demonstrated and transmitted over 12-km and 6-km single-mode fiber, respectively.
II. CONCEPT OF PROPOSED SYSTEM Fig. 1 illustrates the proposed simple 60-GHz RoF system using one single-electrode MZM biased at V π . The MZM driving signal consists of two signals: an OFDM-modulated signal at a center frequency of f 1 and a sinusoidal signal at a frequency of f 2 , as indicated in insets (I)-(II) of Fig. 1 . Since the MZM is biased at the null point, the generated optical signal consists of two optical OFDM-modulated subcarriers and two un-modulated subcarriers and can be expressed as
where f c is the carrier frequency of the laser, m 1 and m 2 are the modulation indices defined as πV 1 frequency (f 2 − f 1 ). To reduce the bandwidth of the optical transmitter, the generated signal at the sum frequency is utilized for 60-GHz wireless signals and can be expressed as
where R is the responsivity of photodiode. After transmission over standard single-mode fiber, the generated optical signal will have dispersion-induced phase shift on each of optical subcarriers. Hence, the generated electrical signal at the sum frequency can be rewritten as
where L is the transmission distance and β 2 is chromatic dispersion parameter (17 ps/nm•km). It can be seen that the power fading is observed due to fiber dispersion effect and is related to cos 2π
Notably, the RF fading issue would become serious when the product of the sum frequency (f 2 +f 1 ) and the frequency difference (f 2 −f 1 ) increases. Hence, the allocation of the frequencies of f 1 and f 2 plays an important role on the RF power fading. For 60-GHz wireless applications, the sum frequency is fixed at 60.5 GHz, and the frequency difference will dominate the performance of the RF fading. For the frequency difference of 10.5 GHz case (i.e. f 1 = 25 GHz, f 2 = 35.5 GHz, (f 2 − f 1 ) = 10.5 GHz) as shown in insets (I) and (III) of Fig. 1 , it can be seen that the power fading of the transmitted signal occurs periodically, as shown in Fig. 2 . After 5.8-km and 17.3-km fiber transmission, the power penalty of the received signal will be larger than 30 dB. As the frequency difference decreases, the fading issue can be mitigated. Finally, for the frequency difference of 0 GHz case (i.e. in insets (II) and (IV) of Fig. 1 , the system will have no power penalty after the fiber transmission.
To consider the full 7GHz bandwidth at 60 GHz, an OFDM driving signal is up-converted to a center frequency of f 1 . After square-law photo detection, the generated OFDM signal will occupy at a center frequency of 60.5 GHz (i.e. 57-64 GHz). Fig. 3 shows the RF spectra of OFDM signals from 57-64 GHz after transmission of different fiber lengths. For the case of f 2 − f 1 = 10.5 GHz, the RF fading is negligible over the 7-GHz spectrum after 1-km transmission. Beyond 1-km transmission, the spectrum in the lower frequency begins to experience power attenuation because they are generated from larger frequency differences. After 3-km and 5-km transmission, the power fadings are less than -10 dB and more than -30 dB, respectively. For the case of f 2 − f 1 = 0 GHz, the transmission distance can be improved as shown in Fig.  3(b) . The power fading is less than -10 dB as the transmission distance is up to 10 km. Note that the simulation in Fig. 2 only shows the power fading result of two single tones. However, one of the two single tones has OFDM signals with 7-GHz bandwidth. That's why the RF power fading still occurs in Fig.  3(b) , and the spectrum at the higher frequency experiences higher power fading.
However, if the frequency difference (f 2 − f 1 ) is less than 10.5 GHz, the beat term of two optical OFDM-modulated subcarriers at the frequencies of (f c + f 1 ) and (f c − f 1 ) will generate electrical beat noise occupied at the desired 60-GHz signal band (57-64 GHz) after photo-detection, as shown in Fig. 4 . As the frequency difference is equal to 10.5 GHz, i.e. f 1 = 25 GHz and f 2 = 35.5 GHz, the beat noise falls just out of the 60-GHz OFDM signal band. Although the fading issue can be completely mitigated with f 1 = f 2 = 30.25 GHz, the generated electrical 60-GHz signal has more beat noise as shown in Fig. 4(b) . Therefore, there are tradeoffs between RF fading and beat noise interference.
III. MATHEMATICAL MODEL OF BEAT NOISE
To extend the effective fiber transmission distance, we choose f 1 = f 2 = 30.25 GHz. Thus, the beat noise will affect the system performance significantly. To mitigate the penalty caused by beat noise, we investigate the model of the beat noise and then mitigate the effect of that. The electrical OFDM signal for driving the MZM can be described as
where the first and second terms of Eq. (5) are the sinusoidal signal and the OFDM signal at the center frequencies of f 2 and f 1 , respectively. N is fast Fourier transform (FFT) length, d (k) is the complex data of the k th OFDM subcarrier, and d r and ϕ k are the amplitude and phase information of the OFDM subcarriers, respectively. The optical field at the input of the MZM is given by
Since the single-electrode MZM is biased at the null point for the proposed system, the output optical signal can be derived as
Under the condition of the small modulation index, the Bessel function with the order of more than 2 can be ignored, and the (10) and (11) are the upper and lower side band of the optical signal, respectively. H and H (k) are rewritten as:
After the photodiode, the converted electrical signal can be expressed as (14)-(17) at the top of the next page, where (14) is the DC signals, (15) is the self-induced beat noise, and (16) is the desired OFDM signal. The performance is determined by the power ratio between the desired OFDM signal and beat noise, which depends on H (k) and H . Since H (k) and H are related to the amplitudes of electrical OFDM and sinusoidal driving signals, we can demodulate the received OFDM signal by choosing the power ratio between electrical sinusoidal wave and OFDM signal properly with the reasonable beat noise effect and other noise.
To further reduce the beat noise effect, the beat noise mitigation technique is utilized, shown as in Fig. 5 [9] . The demodulation of the OFDM signal includes CP removal, FFT, one-tap channel equalization, and hard decision. We need to feedback the hard decision signal to remove the beat noise, and the feedback processing follows these steps: 1) Reconstruction of the received signal by hard decision and channel de-equalization. 2) Cancellation of the beat noise term. 3) Re-demodulation of OFDM signals. For equalizer, the even subcarriers of chaining symbol are set null. After square-law photo detection, the SSBI will only occur in even subcarriers. Thus, we can obtain the one-tap equalizer of even subcarriers without SSBI. Furthermore, the equalizer of odd subcarriers is calculated from the interpolation of even subcarriers [9] . IV. EXPERIMENTAL RESULTS Fig. 6 shows the experimental setup which utilizes a singleelectrode MZM biased at the null point. The electrical driving signal consists of an OFDM signal at a center frequency of 30.5 GHz and a sinusoidal signal at 30.5 GHz. The baseband OFDM signal is generated by arbitrary waveform generator. The sampling rate is 10 GSample/s. The inverse fast Fourier transform (IFFT) length is 256, resulting in a subcarrier symbol rate of 39.0625 MSymbol/s. 176 subcarriers of OFDM signals are modulated with QPSK or 8-QAM format. Then, the baseband OFDM signal is up-converted with I/Q mixer. Hence, the OFDM signal occupies 7-GHz bandwidth at a center frequency of 30.5 GHz, and the data rate are 13.75 Gbps and 20.625 Gbps for QPSK and 8-QAM OFDM signals, respectively. At the output of the single-electrode MZM, the optical OFDM signal comprises two optical sidebands with a frequency difference of 60.5 GHz. Note that the bandwidth of optical transmitter is only 34 GHz. At the receiver, the generated 60-GHz OFDM signal after 3-m wireless transmission is down-converted to 5 GHz and captured by a digital oscilloscope with a 40-GSample/s sampling rate and a 3-dB bandwidth of 16 GHz.
For direct-detection optical 60-GHz OFDM signals, the power ratio between the optical RF carrier and the optical OFDM signal is one of key parameters to the performance. When the generated 60-GHz OFDM signals have beat noise interference which is generated from the beat term of two optical OFDM-modulated subcarriers after photo detection, the power ratio plays more important role on the performance. Hence, we define the electrical carrier-to-signal power ratio (CSPR) of the RF driving signal to the OFDM driving signal. the SNR increases. There are 5.5-dB, 3.7-dB, and 2.6-dB SNR improvements after beat noise mitigation as CSPRs are 3 dB, 8 dB and 10 dB, respectively. Notably, with the beat noise mitigation, the SNR value can reach the maximum value at the optimal CSPR of 8 dB due to the tradeoff between the residual beat noise interference and the noise. The SNR performance is dominated by the residual beat noise and the system noise at the lower and higher CSPR, respectively. As mentioned in the theoretical simulation for the case of f 2 = f 1 = 30.25 GHz, 7GHz-wide OFDM signal will start to have power fading at lower and higher frequency as the fiber transmission distance increases as shown in Fig. 3(b) . Fig. 8(a) shows the downconverted electrical spectra for different standard single-mode fiber transmission lengths. The OFDM signals suffer from power fading more seriously at lower and higher frequencies, resulting in lower SNRs at those frequencies. Note that the spectrum at the high frequency has more power fading, which is identical to the theoretical simulation.
Figs. 9(a) and 9(b) shows the experimental result of BER curves versus received power for QPSK and 8-QAM format, respectively. Note that the BER was converted from EVM by the relation equation of EVM and BER [11] . After 6-km fiber transmission with beat noise compensation, the power penalty at BER of 10 −3 is less than 1dB for the QPSK format. The effective fiber transmission distance with the beat noise mitigation can reach 12km under FEC limit of 10 −3 . Compared with previous simple RoF system with the same modulation format [7] , the proposed RoF system has 3 times of fiber transmission distance (i.e. 4km→12km). As for 8-QAM OFDM signals, the effective fiber transmission distance with the beat noise mitigation can reach 6 km under FEC limit of 10 −3 . Compared with the conventional optical DSB RoF system [8] with the same modulation format, the proposed RoF system has 12 times of fiber transmission distance (i.e. 500 m→6 km).
Notably, the SNR improvement due to beat noise compensation decreases as the fiber transmission increases as shown in Fig. 10 . The reason is that the RF fading increases and dominates the performance when the fiber transmission distance increases. Thus, the hard decision in the feedback loop, which is used to estimate the beat noise, will make a lot of wrong decisions. This result makes the mitigation technique not reliable.
V. CONCLUSION
We have theoretically and experimentally investigated the performance of the proposed simple RoF system for transporting and generating multi-Gbps OFDM-modulated wideband wireless signals at 60 GHz. The RoF system employs one single-electrode MZM. Theoretical analysis of the proposed system shows that it can achieve longer fiber transmission distances without any chromatic dispersion compensation by choosing appropriate input signal frequencies. The proposed RoF system with beat noise mitigation algorithm experimentally transported 13.75-Gb/s QPSK OFDM and 20.625-Gb/s 8-QAM OFDM signals at 60 GHz over 12-km and 6-km fiber distance, respectively.
